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SYNOPSIS 


^ The theme of the present investigation springs i 

out of the fact that Na20 - - SIO2 - Bi20^ glass has J 

shown memory switching characteristics and hence the "basic 
mechanism of semiconduction in this glass needs to "be i 

studied. This glass and another bismuth containing glass | 
were studied in the present work.xi^X 

(^The electrical conductivity measurement with tempera- 
ture suggests that there are two mechanisms operative, namely ' 
electronic and ionic, in two distinct temperature regions for 

f 

both the glasses. The ionic conductivity in the high tem- j 

perature region is ascribed to the field induced drift of 1 

Na ions through the glass structure and the electronic j 

conductivity in the low temperature region is associated ! 

with the presence of bismuth in the glass structure, which 
has been substantiated by the observation of only ionic con- I 
ductivity in two non-bismuth glasses of the above two systems'^ 

The basic mechanism for electronic conduction is \ 

\ 

ascribed to phonon-assisted hopping of charge carriers ! 

(i.e. electrons) from one localised state to another from the ; 

frequency dependence of conductivity at lower temperature, j 

I ' 

whether the hopping is between nearest neighbours or between j 

I 

distant sites cannot be answered at this state* However, it cani 

I 

be roughly said that the picture of electron tunnelling between! 



nearest sites is more prominent than distant ones because ' 
of more conformance of the present data with the 
behaviour than behaviour. It is thought that in the 

temperature of investigation nearest neighbour optical 
phonon hopping is operative where <S^(ac) <<cT'(opt). 


Prom the freq.uency dependence of conductivity in the 


lower temperature region it seems likely that the conducti- 
vity is due to the t ran sp or y small polarons. The analysis 
of the dielectric properties show that there is a distri- 
bution of relaxation time. There is a correspondence of 
the activation energy due to relaxation process with the 
activation energy of electronic conduction. 
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I, HTTROBUCTION 


The unique properties of amorphous semiconductors 
and the advantages of producing them by means of thin-film 
process, which do not limit their size and make them 
adaptable to integration with other solid state technologies, 
have made these materials the base for a new area of Science 
and Technology. Applications of amoiphous semiconductors 
either realized or anticipated include a very wide spectrum 
such as switching and memory devices, continuous dynode 
electron multipliers (channeltron) , optical mass memories, 
phase contrast holograms, high-energy particle detectors, 
infrared lenses, ultrasonic delay lines. This is an 
impressive list in view of the fact that the scientific 
understanding of amoiphous semiconductors to-day compares 
with that of crystalline semiconductors in the early 1950 's. 

The realization that thin films of certain amorphous 
semiconductors can exhibit a very fast and reversible conver- 
sion from a high-resistance to a low resistance state under 
the influence of an applied field is one reason for the very 
rapid gmwth of interest in amorphous materials - that took 
place in the last years of the decade 1960-70. 

Therefore, a tiemendous amount of interest was generated 
in the past few years to know the basic mechanism of conduction 
in amorphous semiconductors, which geared up the v/ork of 
various researchers to come to a basic understanding of these 
materials. 
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Since the switching and. memory effects are quite 
general to a large number of semiconducting glasses, these 
phenomena also need to be reviewed along with the semicon- 
ductivity in amorphous materials. 

Hence, the following two aspects will be dealt with 
in this chapter with proper perspective; 

A. Switching Phenomena in Amorphous Materials, 

B. Semiconductivity in Amorphous Materials. 

1.A Switching in Amorphous Solids ; 


1.A.1 Introduction ; 

Recently, there has been a grov/ing interest in the 
study of electrical switching in amorphous materials. This 
switching effect comprises a sudden decrease of electrical 
resistivity by several orders of magnitude when a sufficiently 
high electric field is applied to the material. There are 
two types of switching possible - one is threshold switching 
v/here the switching material or the device (as it is called) 
jumps from a’^.^i^re si stance state (OPF-State) to resis- 

tance sfate (OH-State) when the applied voltage exceeds a 
certain limit, characteristic of the material, called threshold 
voltage and the other one is memory switching which is shown 
coincidentally with the ON-State of the switching device, but 
stable at zero bias, i.e. the low resistance state (OH-State) 
is stable even after the external potential is removed. 
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1 2 

The switching effects described in 1962 * were first 

demonstrated using the simple DO circuit shown in figure 1a. 

The switching and memory effects reported upto date were 

1—5 

shown by a large number of chalcogenide glasses as well 
as amorphous elemental semiconductors * ' and amorphous alloys 
outside of the glass forming region and oxide films^. Also 
this phenomenon has been observed in some .oxide glass 
semiconductors Although switching occurs in a variety 
of other ma.terials and even in liquid Se, S and Te alloys"^^ 
it is unlikely that the same mechanism is responsible in all 
cases. 

1,A,2 General Device Characteristic s t 

1 

Operation of a device voider square wave pulsing 
(the device being operated with a 10,000 ohm series resistor) 
has been found to produce an almost instantaneous switching 
to a low resistance condition and it appeared that the 

Q 

'switching time' was faster than 1 A sec. The whole device 
(Person Device) characteristic is summarised in figure 1b. 
Where region 1 represents the ON or high conductivity state, 
region 2 the Off or low conductivity state, and 3 represents 
the negative resistance state, fast switching from 2 to 1 
and 1 to 2 is achieved under nonconstant current conditions. 
If the critical current for the particular device is exceeded 
the memory state 1 will be observed. Under constant current 
conditions, the negative resistance state 3 is seen. 
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The same kind of switching and memory effects were 

x 

reported in 1963 hy Kolomiets and Lehedev^ for the 
TlAs (Se, Te ) 2 glass and they found that the ‘switching 
time' depended on the magnitude of the applied voltage. 

The 'switching time' included hoth a 'delay t±me' and the 
'actual time taken for the device to switch from high to 
low resistance. The delay time was found to increase with 
sample thickness. Ovshinsky^ has also reported a delay time 
of upto' several micro-seconds before switching time to be 
150 pSec. , and notes that the delay time decreases as the 
magnitude of the voltage pulse is increased above the 
threshold voltage, while working on the system As-Te-Si-Ge. 

He confirms the previous reports'^ of ohmic behaviour at low 
fields in the OFF state, and the departure from ohmic beha- 
viour at high fields oust prior to switching. Ovshinsky 
also observes that in the OH State the current can be 
increased or decreased without significantly affecting the 
voltage drop across the device. 

1.A.3 Threshold and Memory Switching ; 

Common to both types of devices is the switching 

process that, occurs when the voltage drop exceeds a threshold 

voltage or after a delay time tjj when a voltage pulse 

''p > is applied. Once switching has commenced it pro- 

— 10 

ceeds very rapidly Within a switching time tg < 10 S 
along the load .line to the conducting branch of the 
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characteristic. In this conducting state the voltage drop 
is about and Toearly independent of the current. 


It has been found by Coward and Bosnell and Ihomas"^^ 
that the threshold voltage necessary to switch virgin 
devices can be as large as 10 times that for a subse<iuent 
switching and one to a thousand operations may be necessary 
before a stable threshold is reached. This process is tem- 
perature sensitive"^^. On a number of compositions, the 
threshold voltage becomes equal to the holding voltage at 

approximately the glass t 3 ?ansition temperature, T , as 

& 

17 

indicated by Thomas et. al. , The memory state is realized 

by passing current through the device in the ON state so 

that a critical current is exceeded. This critical current 

Varies depending upon the composition of the glass being 

used, the device thickness, the temperature, and perhaps 

other parameters. The device can be made to switch back 

from the memory state to the high resistance ONP state by 

passing through it a pulse of current again greater than a 

particular critical value for composition and geometry, and 

18 

having a sharp tailing edge. The principal difference 
between the two devices is the existence in the threshold 
switch of a holding current value below which the conduct- 
ing state cannot be maintained, i.e. when the current falls 
below this value the threshold switch returns to its original 
high-.resistance OPT* state. In contrast, the memory switch 



retains its conductance state even when the current approache 
and reaches zero or is reversed. 

In a memory device, as the pulse width is increased, 

that is, the power input in the ON state of the device is 

increased, ’lock-on’ into the memory state occurs. The memory 

switch retains its conductance state only after it has been 

kept in this state for a sufficient period of time, the lock- 

on time tj^Q, to ’set’ the memory state. If the set pulse Vp 

is shorter than tp + tpp then the memory switch reverts back 

to its high resistance state as if it were a threshold switch, 

However, after lock-on the memory switch is in permanent 

conductive state. The lock-on period represents the time 

needed to allow the material in the current channel to devi- 

trify. The lock-on time is variable for the same memory 

19 

device from operation to operation. 

It is generally agreed that a crystalline filament 
is formed which is broken up by a high current ’reset' pulse 
which returns the device to its OIT* state. 

An additional state which can be realized in these 
devices consists of a negative resistance condition. This 
can be obtained by operating the device using a constant 
current power supply. Alternatively a series resistor having 
a very large value compared to the OI’I* resistance of the 
device may also be used to approximate constant current 
conditions. 
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1,A.4 Mechanisms of Switching ? 

There are two schools of thought on the “basic mecha- 
nism of switching - one is thermal mechanism put forward “by 
PO Pi 2 ? 

Pearson , Boer , and Kaplan and Adler and the second is 

23 

electronic mechanism by Henisch and Pryor . 

1.A.4.1 Thermal Mechanism : 

The thermal mechanism suggests the existence of memory 
effect is explainable by means of a phase change process. 

It seems reasonable to propose that the passage of large 
currents in the ON state of the switch result in enough 
Joule heating to allow phase changes to occur. If new phases, 
which are probably crystalline, are of high conductivity and 
extend continuously between the electrodes, then they would 
form a conducting path which would be stable at zero bias. 

The passage of a critically large current pulse in the memory 
state would result in the fusion of ‘hot-spots’ along this 
path. If the current ceased abruptly, these fused regions 
would be quenched to the glassy state. Since this has a high 
resistivity the device would then be OPF. Slow cessation of 
current flow would result in slow cooling of the fused ‘hot- 
spots' and re crystallization or phase separation to reform 
the continuous conducting path. Thus, under these conditions 
the device would remain in the memory state. 
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24 . 

Recent work by Bagley and Bair supports this mecha- 
nism, They observed a general correlation between ease of 
attaining the memory state and fast crystallization kinetics, 
adding further evidence in support of the thermal mechanism 
of phase change of memory operation. 

25 

Purther experiments by Reason and Miller have indi- 
cated more support for the filamentary conduction hypothesis. 
Recent work by Bosnell and Thomas‘S also supports this 
mechanism. It is now generally agreed that the electrical 
memory effect is caused by formation of a conductive crystal 
filament in the glass. But in Mott's^"* view there is 
still some uncertainty in these treatments about the filament 
width and its dependence on current. 

1.A.4*2 Electronic Models ? 

The ma^or alternative explanation of the switching 

action is the class of electronic models typified by Henisch 

23 32 23 

and Pryor and Van Roosbroeck . The experiments reported 

show that ovonic threshold switching is essentially a non- 
thermal process* The conclusion is that one or more electro- 
nic mechanisms are at work, and this is further reinforced 
by the results of recent observation by Ovshinsky et.al.^^ 
on ovonic memory switching. 

The electronic models suggest that ■ a double injection 
space charge process is taking place within the material. 
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A neutral plaana, thus produced, creates an instability 

which is propagated through the material resulting in a 

voltage drop across the device and the observed S-shaped 

negative resistance in the switch characteristic. Hence 

the potential breakdown mechanism is stabilised. Electronic 

mechanisms may be polar or non-polar, and the experimental 

results show the both types prevail. Eor some chalcogenido 

glasses there is room temperature evidence for space-charge 

34 

controlled conduction process as indicated by Kolomiets . 

A space charge model previously proposed by Henisch et.al.^^ 

36 

and Henisch et.al. envisage polarisation and space charge 
reveals in the course of switching. 

A number of electronic processes have been proposed 

37 

so far, e.g. , space charge overlap as suggested by Henisch , 

38 

field assisted hopping by Fritz sche and impact avalanche 

39 

formation as proposed by Hindley^ , So many other workers 
have confirmed the validity of electronic models with some 
success. 

1.A.5 Switching in Oxide G-lasses i 

The discussion so far was centred mostly round 
chalcogenide glasses. In recent years there has been some 
investigation of switching effects in some oxide glass semi- 
conductors . Drake et.al. have observed memory pheno- 
mena in oxide glasses containing a large proportion of oxides 

1 1 

of certain variable valence transition metal ions. Bishay et.al. 
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have observed the same phenomena in calcium-borate glasses 
containing iron oxide and confirmed the filamentary type of 

12 

conduction in the direction of the applied field. Chakra vorty 
observed such memory switching effects induced in some phase- 
separated glasses by ion-exchange treatments (iTa'*'^ji^ Ag'*') 
and subsequent reduction by hydrogen, the glass composition 
being 10 NagO 64 SiOjg^S BigO^ (Mole %). The specimen 

studied by Chakravorty has a resistance of 8 x 10 ohm 
(OFB state) and at about 3 volts it switches onto a re sis- 

rz 

tance of 2 x 10“^ ohm (ON state) which is preserved even when 
the applied voltage across it is removed. The specimen can 
be reverted to the OEP-state using a 20-^ pulse of 10 ylitsec 
width. 

The ON-state conduction in the glass specimen studied 
13 

by Ghakravorty is proven to be filamentary in nature. The 
switching effects observed by him in this glass has been 
associated with micro -structural chara,cteristics. 

1*A,6 Conclusion : 

The central question of whether the switching mechanism 
of these devices depends upon phase changes or upon electronic 
effects must at present be quite speculative. Certainly the 
speed at which phase changes can travel is adequate to 
explain the switching speeds which have been observed. 

However, this does not mean that the phase change mechanism 
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of switching is definitely proven, The same also applies to 
specnlations on electronic mechanism of switching operation. 

On the basis of the results so far published, it can be said 
that thermal run-away in some systems is only stabilised if 
phase separation occurs, There are perhaps compositions 
where either a purely electronic or thermal mechanism is fea- 
sible but so far there is little evidence for this. But the 
first fire processes seem always to occur. It is difficult to 
see a unique solution to all the observed cases at present. 

Therefore the whole matter is in need of further study. 
As the detailed properties of the switching devices become 
Imown, the Interpretational options become more restricted 
and the ’switching mechanism* correspondingly clearer. 

1 • B S emiconductivitv in Amorphous Materials i 

1,B, 1 Introduction : 

Ten years ago our theoretical understanding of electrons 
in non-crystalline materials was rudimentary. The classifica- 
tion of materials into metals, semiconductors, and insulators 
was based on band theory, and band theory starts from the 
assumption that the material is crystalline. Interests on the 
electronic behaviour of non-crystalline solids started growing 
to throw some light on this aspect from a different angle. 

The idea that the property like electrical conduction, is due 
to the movement of electrons was supposed to be based on a 



strong footing of scientific knowledge. A milestone in the 
development of the subject was Ziman*s^^ quantitatives expla- 
nation of the electrical properties of liquid metals, put 
forward in i960. This was a weak- Interact ion theory, the 
effect of each atom being treated as small. The success of 
this theory prompted investigations of v/hat happens when the 
interaction is large, as it must be when an energy gap exists. 

The keys to our present understanding have been the principle 
of Ioffe and Regel"^"^ that the mean free path cannot be less than 

the distance between atoms, and the concept of localization 

42 

introduced by Anderson in 1958. 

41 

It was first emphasized by Ioffe and Regel that when 
the interaction of the carrier with atoms is sufficiently 
strong, something new ought to happen. It was first conjectured 
by Gubanov'^^ in 1963 and by Banyai^"^ in 1964 that near the 
edges of conduction or valence bands in most non-crystalline 
materials the states are localised, and the concept of locali- 
zation plays a great role in understanding the basic mechanism 
of conduction in amorphous solids. 

1.B,2 Anderson’s Localization Theory : 

The concept of localized states coxi be approached by 
considering the d.c. conductivity &l;Coq of- a system with 
states filled upto a limiting value EpCfermi Energy). At low 
temperatures , two limiting cases have been distinguished: 
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(a) Situations in which the conductivity is determined hy 
the properties of electrons with energies near Eg. This is 
so in metals, crystalline or liquid; it is also the case in 
impurity conduction at low temperatures whether or not the 
motion of electrons is hy thermally activated hopping. 

(h) Situations where the mobility of electrons v;ith energies 
near the Eermi energy Ep is zero or negligibly small, or in 
which the density of states N(B) is Zero there. The current 
is carried by excited electrons, as in an intrinsic semicon- 
ductor, or as in an extrinsic semiconductor if impurity 
conduction is absent. 

It is known that electrons can bo described by wave 
fimctions each having a fairly well-defined wave number K, 
the uncertainity in that being In the cose of strong 

interaction a density of states 1T(E) that is a continuous 
function of E remains a valid concept, if and only ifAK/Ko^l 
(or localization) in the regions where the deviation of ir(E) 
from the free-electron value is largo. The form of ]l(E) vs. E 
curve is shown in Figure 2a for an intrinsic semiconductor. 

There is nothing unfamiliar about the concept of 
localised states; they are simply ’traps', and the most direct 
evidence for their existence in amorphous materials is provided 
by measurements of the transit time for injected carriers; if 
this shows an activation energy, a ti?ap~limited mobility can 
be inferred. 
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In case (a) , the concept for amorphous materials is 
that a continuous density of states, H(E) , can exist in 
which for a range of energies 1T(E) is finite but the states 
are all traps, or in other words ’localized’, and for which 
the mobility of an electron with such an energy is zero at 
T = 0, oven though the wave functions of neighbouring states 
overlap. For these energies cr^(O) also vanishes. The 
vanishing of 4C?~g(0) can serve as a definition of localization 
for electrons with energy E, other definitions of localised 
states are possible. One is that any eigen-functions that 
do not decay exponentially are so rare as to contribute a 
term ^^(0) that tends to zero when the number of atoms (N) 
tends to infinity. Orj alternatively it can be said, following 
Anderson, that states are localised if an electron, with 
energy E ^ A® placed in a volume 1 , large enough to satisfy 
the uncertainity principle, will not diffuse away. It is 
now believed that all the definitions arc equivalent. 

In case (b) , that of an intrinsic semiconductor, the 
concept of localisation is important too. It is found that 
for non-localised states <T^(0) can be inteiq)reted as 
eN(B)/KT^ where the mobility for carriers with energy 

E, always with neglect of the effects of interaction with 
phonons. If states are localised, ^ vanishes at T = 0. At 
finite temperatures the mobility is essentially due to 
interaction with phonons and is several orders of magnitude 
smaller than for non-localised (extended) states. 
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It is said that states with energy E are localised 
if <«7^(0) > = 0, where <<srg(o) > is average of Cr^(o) 

over all possible configurations of the ensemble* 

Eor an assembly of N atoms, a range of electron 
energies may exist such that the number of configuration for 
which CT'does not vanish tends to zero as U -♦ Thus the 
definition of localization is that, for a Eermi gas of 
non-interacting electrons with Eeimi energy E, 

lim <€F^(0)> = 0. 

n -♦ oo 

The first phenomenon for which this was generally 
recognized tos impurity-conduction in doped and compensated 
semiconductors, which was first fully understood in the 
early 1960’s. The centres in these materials are located at 
random positions, and in addition there is a random potential 
at each centre. Our understanding of localization in this 
case derives from Anderson's theory, which is central to our 
theme . 

In impuritjr-conduetion, each time an electron moves 
from one centre to another, it emits or absorbs a phonon; 
processes in which it -absorbs a phonon are rate determining, 
and in conseq_uence the conductivity contains an activation 
energy and tends to zero at low temperatures. This form of 
charge transfer is called 'thermally activated hopping', or 
just hopping. Hopping is also responsible for an a.c. 
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0 8 

conductivity e^(O-) at frequency^proportional to • 

In this process, an electron hops between pairs of localized 
states, absorbing or emitting a phonon each time. 

1.B.5 Mott’s Hypotheses of Conduction ; 

First of all, it is emphasized^^ that the density of 
states remains a valid concept for non-crystalline as for 
crystalline materials and can be detemined by techniques such 
as photo-emissions. The hypotheses are as follows: 

(a) The main factors determining the density of states 

for a given material are the first coordination number and the 
interatomic distance. Thus if the former is unchanged, no 
major change in the density of states is likely except that 
due to changes in the specific volume. Coordination numbers 
higher than the first will of course influence the density of 
states to some extent. In Ga, the third coordination number 
is different in the crystalline and amorphous forms: there is 
an effect of this on density of states. In crystalline 
Te higher coordination strongly affect the magnitude of the 
smallest energy ga.p and this is very much changed in amorphous 
form. 

(b) The wave number Z is not a good quanttim number for 
electron states in many non-crystalline materials. Either the 
mean free path is so short that 4K/K.^1, or else the states 
are localized. Neither is true near the Fermi energy of most 



17 


liquid metals, where the density of states is high, nor at ■ 
the bottom of the conduction band of liquid rare gases 
where the wave functions are S-like. 

(c) In semiconductors that do not have S— like conduction 
and valence bands, localized states occur at the band extre- 
mities in the amorphous phase. Energy values E^ and 
separate these localised states from non— localized (extended) 
states, and there is a drop by a factor ^^1000 in the mobility 
as the energy crosses these values (the mobility shoulders) » 
The energy difference (E - E ) defines a mobility gap E . 

Although it seems clear that the Eermi level lies near 
the middle of the band gap, it is uncertain whether for a 
given amorphous semiconductor the conductivity is intrinsic 
or extrinsic. By intrinsic we mean that the position of the 
Eermi level is controlled by the densities of states in the 
conduction and valence bands. In such a situation the Eermi 
level moves (linearly) with temperature in such a way as to 
keep the total concentration of excited electrons equal to 
that of holes. 

It should be noted however that even in this case, if 
the range of localized states at the edge of, say, the valence 
band is smaller than at the conduction band, the ntunber of 

holes excited below E„ will exceed the nxmber of electrons 

*v 

excited above E and the material can behave as a p-type 

O 

semiconductor. 
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Cohen, I'ritzsche and Ovshinshy"^^ have suggested that 
in certain glasses the density of states is as shown in 
Pigure 2b(iii) the conduction and valence bands have ibils of 
localised states sufficiently extensive to overlap near the 
centre of the mobility gap. Electrons from states at the 
top of the valence band are transferred into states at the 
bottom of the conduction band, ensuring that the Eermi level 
lies in the region of overlap. 

47 

An alternative model suggested by Davis and Mott is 
shown in Eig. 2b(iv), A fairly narrow (< 0,1 eV) band of 
localised states is assumed to exist near the centre of the 
gap, of sufficiently high density to effectively pin the 
Eermi energy over a wide temperature range. Ihus conduction 
is extrinsic rather than intrinsic. The origin of the states 
is speculative, but they could conceivably arise from some 
specific defect characteristic of the material, for example 
dangling bonds, interstitials etc., the number of which will 
be dependent on the conditions of sample preparation and 
subseq^uent annealing treatments. This model seems more 
compatible with the high transparency shown by many glasses 
as photon energies below the fundamental absorption edge. 

Evidence for a fairly high density of states of the 
Eermi energy comes from a.c. conductivity and other measurements 
that surface (Schottliy) barriers are very narrow in amorphous 
semiconductors. It should be pointed out that at present there 
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is no definite evidence for the existence of sucb states from 
optical absorption or photo-emission measurements, although 
in amorphous G-e there is some evidence for absorption due to 
defects , 

“I • 4 A Comparison between Crystalline and Amorphous Semi- 

conductors : 

The characteristic differences between amorphc-'s and 
crystalline semiconductors that appear particularly important 
for understanding a variety of applications and phenomena need 
some emphasis here. 

Perhaps the most striking feature of amorphous as 
compared to crystalline semiconductors is that addition of 
atoms with valencies different from that of the host does 
not in general greatly affect the conductivity, i.e. they can 
not easily be doped. The generally accepted explanation is 
that the disordered structure, including impurities accommodates 
itself so that all the electrons are taken up in bonds. There 
is evidence that structural defects play a more effective role 
than do impurities in controlling the conductivity of amorphous 
semiconductors. A second and equally important observation is 
that, near room temperature for most of the materials with 
which we are concerned, the activation energy for electrical 
conduction is approximately equal to one half of the Photon 
energy corresponding to the onset of strong optical absorption. 
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I'-urthermore , in cases where a comparison is possible, there 
is good correspondence between these energies and those 
occurring in an intrinsic crystalline sample of the same 
material. 

The differences from rather than the similarities to 
crystal turn out to be the exciting attributes of amorphous 
semiconductors. Two important aspects of crystalline semi- 
conductors are missing in their vitreous counterparts. The 
first is the possibility of changing by impurity doping the 
conductivity of crystalline semiconductors by many orders of 
magnitude. The second is the possibility of forming p-n 
junctions by choosing different doping elements. 

The reason for this is that in a crystalline semi- 
conductor a donor or acceptor doping element acts as such 
because it is forced to take the place of a crystalline host 
atom and hence has either an excess or a deficiency of a 
valence electron. In an amorphous semiconductor, on the other 
hand, the local order is not forced to be same everywhere; as 
a result each atom can satisfy its valency requirements and 
hence does not act as a conventional donor or acceptor as in 
crystalline semiconductors. This different response to 
chemical doping explains some characteristics that have 
important consequences for devices. 
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1 » B. 5 Some . .C ha.3:a. c.teri sties of Amorphous Semiconductors : 

1) Amorphous semiconductors behave similarly to intrinsic 
semiconductors. Their low conductivity enables one to observe 
high-field effects without excess heating. 

2) Contacts to many amorphous semiconductors are non 
rectifying and non— blocking essentially because these materials 
behave like intrinsic semiconductors. The majority carrier 
current eq[uilibrate via generation and recombination with 
relatively large minority current in the barrier region. 

.3) A very important distinction^® concerns the chemical 

bonding. In the chalcogenide semiconductors the unshared 

p-electrons of the Group VI elements form the valence band and 

the antibonding state the conduction band. 

be 

4) A disordered semiconductor can/in several structural 
states. In many disordered semiconductor it is possible to 
control the short range order parameter and thereby achieve 
drastic changes in the physical properties of these materials, 
including forcing new coordination numbers for elements. 

Glassification and Descrintion About Amorphous Semi- 
Conductors : 

The number of possible amorphous semiconductors is 
immense because the structural disorder allows the existence 
in a metastable state of non-stoichiometric compositions and 
mixtures that have no crystalline equivalent. 



22 


Semiconducting glasses can "be classified into two 

groups ; 

(a) Semiconducting oxide glasses, 

(l) Semiconducting chalcogenide glasses. 

Both these groups have their individual characteristics. 
Interest and activity in the field of electronic conduction 
in glassy materials increased since 1954 when Dewbon, Ra,wson 
and StaHvorth^^ found that glasses in the system ^" 2*^5 ■“ "^ 2*^5 
exhibited bulk electronic conduction. Various other oxide 
glasses have been studied by various workers after that. A 

range of vanadate - phosphate, vanadate - geimanate 

50 51 52 

glasses have been studied by Mackenzie ’ , Han-blen et.al. , 

Munakata^^’^^, Baynton et.al.^^, and Ioffe and Regel^^. Some 

Germanate-Vanadate - Phosphate glasses have been studied by 
57 

Janakirama Rao . Iron-oxide based glasses have been studied 
by Hansen and Mackenzie . The conduction in most of these 
glasses was pictured to be the transfer of an electron (and/or 
hole) between ions of the same transition metal in different 
valence ’states, e.g. 

y4-+ _ - V^'*' - 0 - 

Be^’^ - O-Be^’*' - Be^''* - 0 - Be^"^ 

(b) The d.c. conductivity of most chalcogenide glasses 
near room temperature obeys the relation = C exp (-E/KT) , 
where E varies from 0,3 eV to 1 eV, There are different 
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iDinary and ternary compositions of chalcogenides studied by 
different workers. The following systems have been studied 
so fart Ge-Te system by Tsu, Howard and Esaki^®, As 2 Te.Tl 2 Se 

C A 

glass by Andriesb and Kolomiets , As 2 Te^ by Waiser and 
Brodsky^^, 4-As2Te^.As2Se^ by Uphoff and Healey^^, As 2 Se 2 .Tl 2 Se 
by Kolomiets^^, 3As2Se^ .23^236^ by Plata kis et.al.^^, As 2^32 
by Edmond^^ and As 2 Sj.by Edmond^"^, Oaren and Robertson^® and 
Polanco and Robert s^^. 

The values of C has come in the range 10^-10^ ohm“^cm“**, 
indicating conduction in extended states. Much lower values 
have been observed in some other materials and for these it 
has been suggested that conduction is predominantly by carriers 
hopping between localised states at the band edge. There is 
a variation of E and C observed in various binary and ternary 
systems as a function of composition. 

1.B,7 Oon plus ion ; 

Different mechanisms have been proposed so far on 
electrical behaviour of amorphous solids. The controversy 
between Cohen's hypotheses and Mott’s theory, concerning the 
peak in the density of localised states has arisen because of 
the conflict between the density of the 'gap states' as 
predicted from conductivity measurements and from optical 
absorption experiments. The data so far published seem to 
support Mott's theory. 



Although the conception of density of states 
remains valid for both crystalline and non-crystalline 
materials, mathematical methods have yet to he developed 
for calculating the density of states for real non- 
crystalline materials - so that a clear picture can he 
obtained to add to our knowledge about amorphous semi- 
conductors. 



II. OBJECTIVES OF EJVESTIGATION 


O3 ■ Si02-Bi20^ 
glass shows memory switching effects after ion-exchange 

Ag"^) and reduction in hydrogen. The question arises 
as to whether the base glass is semiconducting and whether 
Bismuth induces some semiconducting characteristics in 
these glasses, or the presence of silver, either in metallic 
or ionic state, is necessary for getting this semiconducting 
behaviour. 

Another aspect of the problem which needs invest iga^ 
tion is that if the base glass is semiconducting, it is 
important to know the basic mechanism of electron transport 
in these materials and to make an ’assessment of the influence 
of the ionic and electronic transport on the overall conduc- 
tivity characteristics of the material, since ]Ia20-B20j-3i02 
glass is known to give ionic conductivity. 

The present investigation was initiated to study the 
following: 

(i) A.C. conductivity of the bulk glasses (not ion-exchanged) 
containing Bismuth ns a fiuiction of temperature at 1.0 kc/s 
to distinguish the ionic and electronic parts of conduction 
separately, 


it has oeen observed before that B, 
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(ii) A.C. conductivity of the hulk glasses containing no 
bismuth to establish the ionic part and to indicate the effect 
of Bismuth, 

(iii) A.C. conductivity of the bulk glasses as a function 
of frequency at room temperature to understand the mechanism 
of electron transport, 

(v) The real and imaginary parts of dielectric permittivity 
as a function of frequency at different temperatures. 

to investigate the contribution of electron transport to 
dielectric properties, 

(vi) To make these studies as a ftinction of composition. 

The composition of glasses studied belong to the 
following systems; 

(i) NagO - - SiOg - 

(ii) NagO - - SiOg 

(iii) NagO - CaO - SiOg - Bi20^ 

(iv) Wa20 - CaO - SiOg 



III. EXPERIMENTAL PRDCELUEE 


3.1 Prepara -tion of glass SpecLmens i 

The composition of glasses studied belong to the 
following systems: 


(i) 

Si02 

— 

- 

(ii) 

Si02 



(iii) 

Si02 

— C3O 

- Bi2®^ 

(iv) 

Si02 

^ CaO - Na 20 



The exact compositions of the glasses in mole % are shown 
in Table 1 . 

The glasses were prepared from reagent grade chemicals. 
Sodium was introduced as sodium carbonate, calcium as calcium 
carbonate, boric oxide as boric acid and all other components 
as their respective oxides. The glasses were melted in 
sintered alumina crucibles in an electrically heated furnace, 
with silicon carbide heating elements, at temperatures ranging 
from 1200 ° to 1300°C. Molten glass was poured in round 

1 inch dia.) aluminium moulds, placed on a thick sheet of 
aluminium. The thickness of the cast pieces were 4 to 6 mm; 
which were then removed to a canthal-wire wouVid furnace for 
annealing. The annealing time and temperature was different 
for different glass compositions. After annealing the glass 
pieces were polished in silicon carbide grit of different 
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mesh sizes ranging from 120 to 600, The polished specimens 
having imiform thickness were then stored in a dessiccator. 

The specimens for electrical resistivity and dielectric 
measurements, in the foim of discs. ' 25 mm. dir. and 2 to 3.5 mm. 
thick, were cast from the same melt. The thermal history of 
glass-melting was almost same for all the glass compositions 
studied. 

3*2 Electrical Conductivity Measurements ? 

3.2.1 Electrical Resistivity at Different Temperatures : 

The electrical resistivity of the glass specimens we 2 ?e 
measured as a function of temperature at 1.0 Kc/s . The 
experinental set-up made for this p\irpose is clearly shown 
in Figure 3* 

The experiments were done with a capacitance Bridge 

of G-eneral Radio Company (Type 716-C) above a resistance 
7 

value of 10 ohm and below this value a Mag-ohm Bridge 
(Type 1615A ) was successfully used keeping the freq.uency at 
1.0 Kc/s. 

The accessories used in conjunction with the capacitance 
Bridge are the following: 

(i) R-C oscillator unit, range 20 c/s to 500 kc/s. 

Typo Bo. 1210-C. 

(ii) Regulated power supply. Type 1267--AQ18. 

(iii) Tuned amplifier and Bull Detector, Type 1232-A. 





(iv) A pair of Batteries of 12 volts. 

(v) Polystyrene Decade Capacitor, Type 1419-B, with 
a setting of 200 p Pa, rad during the time of 
measurements. 

All these instruments are from General Radio Co. (USA.). 

While measuring hy Capacitance Bridge the capacitance 
and dissipation values were first taken without the specimen 
(i.e. C^ and D^) , ^just hy raising the upper cell, , one 
inch above the specimen and holding it with a clamp. Secondly 
these values wero taken with specimen in touch with both the 
cells M-i and M 2 (i.e. Cg and D 2 ) . The temperature was kept 
constant with an accuracy of + 1°C. The furnace temperature 
was controlled by a API controller, the chromel-alimiel thermo- 
couple was introduced from the top. Another chromel-alumel 
themo-couple was inserted from the bottom of the furnace 
tube and was kept at 1 mm. apart from the specimen. The 
specimen temperature was thus correctly measured with a 
potentiometer and ice was used in the cold-junction. 

The following formulae were used, from circuit diagram 
of the instrument, for calculating the resistance values: 


R 


CD 


( 1 ) 


where CO = 2wf 

freq,uency in cycles =* 1000 c/s (in this case) 


JC* 

I 
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= capacitance of the sample = (O^-Og) = AC. 

C. X (D„-D.) X 0.01 X M X f 

X) — L_ a— 1 2. 

^ AC 

In this particular case M ms equal to 1.0 and was 
always kept at 1.0 kc/s. 

Por Meg-ohm Bridge the resistance "values were directly 
road from the dial. The resistivity values were calculated 
hy multiplying the resistance values with the factor A/1 
expressed in cm., where A is the area of the top electrode 
surface in sq.cm, and 1 is the exact thickness of the specimen 
in cm. without electrode thickness, since we know that 

(: = R. (A/1) (2) 

where R = Resistance of the specimen, and 
= Resistivity of the specimens. 

The values of the factor (A/1) for different glass specimens 
used for different experiments are shown in Table 2. 

The electrode used for this experiment was aluminium. 

The aluminium was vapour deposited hy putting a stainless 
steel ring on one surface of the specimen. The upper electrode 
area was having a diameter equal to the inner diameter of 
the ring, the bottom surface of the specimen was covered 
fully. On the top surface, an annular concentric portion 
remained undeposited leaving a circuinr deposited area outside, 
which facilitated putting the 'Guard-ring' in the circuit, 
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sincG the electrical resistivity mea 3 ^^rement v®,s done with 
the G-uard-ring to prevent surface conduction. The width of 
the annular space left undeposited was eq_ual to the width 
of the S. S. ring. 

3 . 2.2 Electrical Resistivity at Different Frequencies ; 

The electrical resistivity of the glass specimens 
(only glass Nos. 1 and 3 ) were measured as a function of 
frequency at room temperature (20°C). 

The resistivity was first measured hy the capacitance 
Bridge following the same principle as mentioned before and 
using a standard sample holder upto a frequency of 100.0 kc/s. 

Secondly it was measured by a Boonton Q-meter (T3q)e-260 , A) 
of Boonton Radio Co. (USA) above 100.0 kc/s using different 
standard inductors (Type 103 A) for different frequency ranges. 

The resistance values for the lower frequency region 
were calculated using equation (1) at different frequencies. 

The resistance values for the higher frequency region were 
measured in the Boonton Q-meter using a Aluminium connector 
placed on two terminals of the instrument. The capacitance 
(C) and Q- values were first measured by keeping the sample in 
touch v/ith the connector (i.e. C 2 and Qg- -values) and secondly 
without the sample, leaving an air gap between the two connec- 
tors (i.e. 0^ and Q^) values at each frequency. The measurements 
were repeated at each frequency to see the fluctuations which 
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were almost nil in this case. The following formula was 
used to calculate the resistance values at different 
freq_uencie si 


R 


^1 ^ ^^2 
(jj X xAQ 


( 3 ) 


where, GO = 2Tcf 

f = fr€q.uency in cycles 

AQ = (Q^-Qg) 

The resistivity values were calculated hy multiplying the 
resistance values with the factor (A/l) in both the cases, 
using equation (2). The electrode material used in this 
experiment was silver which were applied on the surfaces of 
the specimens with a brush; keeping the correct consistency 
of the paste, used for this purpose, with a standard .'thinner*. 
The specimens were dried in a lab. -drier at 70°C for l/2 hour. 


3 . 3 Dieleotric Measurements : 

The dielectric measurements were done with the glass 
No. 1 only, at different frequencies and at different tempera- 
tures. The same experimental set-up, as in conductivity 
experiment, was used for this purpose, as shown in Figure 5* 

. The and D, values were -ta.en without the sample and 

the Op and Dg values were taken with the sample, using the 
same 'oapaoltanee Bridge'. The following formulae were used 
to calculate the dielectric constants: 
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(i) 6’ 


where 6 ' 


1 

A 


U) 

real part of the dielectric constant 

a constant = 8. . 854 

thickness of the specimen in meters 

Area of the electrode area in sq. meters. 


(ii) 


e* tan 6 


( 5 ) 


where tan 6 = D. 


X 


X (Dg-D^) X 0.01 X M X f^ 


the terms have got their usual meaning as before. 



17 EESULTS AND DISCUSSIONS 


4*1 Electrical Conductivity at Different Temperatures : 

4 .1.1 Bismuth Containing: Classes : 

Ihe results of the conductivity experiment with 
temperature for glass nos. 1 and 3 are shown in lahles 3 and 5 


Since it was not known initially whether the glass has 
any electronic contribution to conductivity or not the follow- 
ing formula was used to describe the behaviour of resistivity 
with temperature: 

^ = £^ir exp (E/kl) (4.1) 

where C = Resistivity of the specimen, 

Q = 4 pre-exponential constant 

E = Activation energy for conduction process 

K = Boltzman's constant 

T = Temperature in absolute scale 

This equation is generally used to explain the change of 
ionic conductivity with temperature. The plot of log 
( ^/T) vs. l/T is shown in Figures 4 and 5 for glass Nos. 1 
and 3, The slopes of these plots yield the activation energies 
for conduction in different glasses. 

For glass No. 1 the important feature of this plot 
(Figure -4) is tliat there is a change of slope at a temperature 
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Ox 232°G. The activation energies v/ere- calculated to be 
30.8 kcal/mole and I .4 kcal/mole, respectively above and 
below that temperature, from two distinct straight lines 
as shown in Figure 4* 

The same type of behaviour is also observed in glass 
No, 3, where the change of slope (Figure 5) comes at around 
184°^^ From two distinct straight lines, above and below 
this particular temperature, the activation energies were 
calculated to be 23.0 kcal/mole and 1.3 kcal/mole respectively. 
For glass Nos. 1 and 3 the breaking points i.e. the tempera- 
tures at which the slopes of the curves change, occur at 
232°C and 184°C belov; which the activation energies, from 
the slopes of the log ( ^/T) vs. l/T plots, seem to be quite 
low for ionic conduction in these glasses. Such low activa-- 
tion energy values have been ascribed to electronic conduction 
in ^oxide glasses by many investigators. Therefore, it has 
been thought that there is a mixed effect of ionic and 
electronic conduction on the overall conductivity of these 
glass specimens, since above those breaking points, the 
activation energies, i.e, 30.8 kcal/mole and 23*0 kcal/mole 
for glass Nos. 1 and 5, are quite reasonable for ionic con- 
duction, It should be noted that so da -content of glass Nos. 1 
and 3 are 10 and 25 mole % respectively and it is q_uite 
possible that above those temperatures the ionic Gonductivity 
will be- predominant due* to the field- induced drift of sodium 
ions along with thermal activation. 



The glass Nos. 1 and 3 contain 8 and 10 mole % 

Bismuth oxide respectively and it is seen that the conduc- 
tivity is higher in glass No, 3 than in Glass No. 1 showing 
the effect of Bismuth in conduction helov^^ the breaking points, 
since it is believed that Bismuth is responsible for electro- 
nic conduction in this low temperature region. It is also 
observed above these breaking points since the soda content 
is higher in glass No. 3 than in glass No. 1. Because the 
migration of the sodium ions through the glass struct'ure can 
be ascribed to the ionic conduction in these glasses* 

It can be said from the data of activation energies 
for ionic conduction that the glass structure is more rigid 
in glass No. 1 because of the large number of network- 
formers (i*e. silicate and borate) and also the amount of 
silica is more in glass No. 1 than in 3. Therefore the idea 
that the stiffening index is more in glass No. 1 than in 3, 
as is shown up by a higher value of activation energy in this 
glass, seems to be consistent. However, at this stage it is 
only an optimistic approximation about the structure of these 
glasses^ The effect of bismuth on electronic conduction in 
these glasses was studied by carrying out conductivity 
experiments on two non-bismuth glasses of the above two systems. 

4.1.2 Non-Bismuth Glass _e^; 

(i) In glass no, 1 the bismuth oxide was replaced by boric 
oxide and a non-bismuth glass was prepared (i.e. glass no. 2). 



The results of the conductivity experiment with temperature 
on this glass is shown in Table 4. Since there was no his- 
nuith present in this glass and since this glass va.s assumed 
to shov/ ionic conduction, the eQ[uation (4. 1) was used to 
describe the behavio-ur of conduction in this glass. The plot 
of log ( t./T) vs. 1/T, is showil^in Figure 4) which gives a 
straight line. The activation energy from the slope of the 
curve was calculated to be 35.8 kcal/mole which is consistent 
with the values reported before for this tjrpe of glosses. 

There is no change of slope "even in the low temperature 
region, i.e. the glass show]4 a straight line behaviour all 
through the temperature range studied in this case, thereby 
indicating that Bismuth responsible for electronic conduction 
and consequently a change of slope, in the log ( ^ /T) vs.l/T 
plot after a certain temperature while bismuth is put in this 
glass system (i.e. glass no. 1) . The activation energy in 
glass no. 2 is slightly higher thau in glass no. 1 which is 
quite reasonable because of the more rigid network of the 
glass structure in glass no. 2, due to the more amount of 
borate in the composition, which is expected to hinder the 
motion of the mobile sodium ions to some extent. 

(ii) The very fact that Bismuth -is responsible for electronic 
conduction in bismuth containing glasses was again substan- 
tiated by measuring conductivity with temperature on an another 
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non-bismuth glass (i,e. glass no. 4-) by replacing bismuth 
oxide, by calcia, in glass no. 3. Tbe result of the conduc- 
tivity experiment on this glass is shown in Table 6. Here 
also the equation (4*1) was used and the nature of log ( (! /T) 
vs. 1/T plot, as shown in figure 5, is a straight line all 
through the temperature range studied in this case. There ' 
is no change of slope observed even in the low temperature 
side which has been observed before with glass no. 2 also, 
strengthening our views that bismuth oxide is definitely 
responsible for electronic conduction in the bismuth con- 
taining glasses investigated. 

The activation energy from the slope of the curve 
was calculated to be 26.4 kcal/mole, which is again consis- 
tent with the data of ordinary soda-lime-silica glasses as 
reported before. 

The activation energy in glass no. 4 is also slightly 
higher than in glass no. 3 which seems to be quite reasonable 
because of the presence of more amount of calcia in this 
glass- 3 -tructuro , since bigger calcium ions are assumed to 
block the motion of moving sodium ions in the glass structure. 
Again, it can be said from the analysis of the data that the 
conductivity is higher in glass no. 4 than that in glass no. 2 
due to the higher concentration of sodium ions in the former. 
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4-» ”1 • 3 Cond'uc.'fciy Itiy Model in Amorphous Semicond'uc'tors i 

We know that in all amoDrphous semiconductors the 
conductivity is expressed as follows: 

exp (-B/kT) (4.2) 

or C = €o exp ( E/kT) (4.3) 

Hero it is assumed that conduction is due to electrons 
(i.e. charge carriers) ' hopping f (tunnelling) between 
localised states near the Bermi energy. This is the process 
analogous to impurity conduction in heavily doped semi- 
conductors. 

Therefore, the data of glass nos. 1 and 3 (Bismuth 
containing glasses only) were plotted according to this 
model. The plots of log <.vs. 1/T are shown in Bigure 6 
for both the glasses. In this case also there is a change 
of slope ab served in both the glasses. The breaking points, 
at which the slopes of the log £ vs. 1/T change, are approxi- 
mately at the same temperatures, namely, 232°C for glass 
no. 1 and 184^0 for glass no. 3, as observed before from 
the log ( ^/T) vs. 1/T plots for these two glasses, again 
confirming the fact that there is an influence of both 
electronic and ionic conduction in the overall conductivity 
of these glasses, i.e. there is a transition from a state 
of electronic conduction to a state of ionic conduction 
rtcr certain temperatures, characteristic of these glasses. 
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4.1.3 Conductivity Model in Amorphous Semicoriductor s: 

¥e know that in all anorphous semiconductors the 
conductivity is expressed as follows: 

c:^ - exp (_E/kT) (4.2) 

or C = €q exp ( EAI) (4.3) 

Here it is assumed that conduction is due to electrons 
(i.e. charge carriers) ' hopping f (tunnelling) hetv/een 
localised states near the Permi energy. This is the process 
analogous to impurity conduction in heavily doped semi- 
conductors. ■ ’ 

Therefore, the data of glass nos. 1 and 3 (Bismuth 
containing glasses only) were plotted according to this 
model. The plots of log ^vs. 1/T are shoT-vn in figure 6 
for both the glasses. In this case also there is a change 
of slope ahserved in both the glasses. The breaking points, 
at which the slopes of the log € vs. 1/T change, are approxi- 
mately at the same temperatures, namely, 232°G for glass 
no. 1 and 184°G for glass no. 3, as observed before from 
the log ( vs. 1/T plots for these tv/o glasses, again 

confirming the fact that there is an influence cf both 
electronic and ionic conduction in the overall conductivity/ 
of these glasses, i.e. there is a transition from a state 
of electronic conduction to a state of ionic conduction 
after certain temperatures, characteristic of these glasses. 
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However, it should be noted that this transition in 
the conduction behaviour ox both these glasses does not 
take place exactly at a particular temperature which has 
been foxind out from the point of intersection of two straight 
lines in the respective plots. But this actually takes 
place over a range of temperature as can be seen from the 
curved portions of these two plots (Bigures 4 and 5)« Ihe 
curved portions of the plots are ascribed to mixed effect 
of both ionic and electronic conduction, where no single 

phenomena, ionic or electronic, is predominantly operative. 

45 

It has been emphasized by Mott that a straight line 
in a plot of In against 1/T is expected only if hopping 
is between nearest neighbours. At the lower temperature 
side, it may become favourable for the electrons to tunnel 
to more distant sites, activation energy will fall, and 
ultiina.tely the conductivity is expected to behave like 

In cr= A - (4.4) 

or In g = - A + (4.5) 


v/hero 


A = A pre-exponential constant; 

3 1/4 

® ^ N(Ej,) .K 

a = Decay constant for the localised state 


TOve function; 


N(Ej,)= Density of states in the Bermi level. 
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Since it was not known initially whether the hopping 
takes place hetween two nearest neighhours, a plot of log 
against was also drawn to see the nature of the curve, 

which were straight lines for both glass nos. 1 and 5* Here 
also there is a change of slope in the curves showing some 
ionic contribution after certain temperatures for both the 
glasses, as shown in Figure ?• Since the nature of plot 
is straight line in the low temperature side, it can be 
concluded tentatively that the hopping of carriers is also 
taking place between the ‘distant' sites. But the lack 
of conductivity data below room temperature makes it difficult 

to make a definite conclusion. However, it can be mentioned 

70 

here that Clark's data, on some other amorphous semiconductors 
fit quite well to a straight line even in the higher tempera- 
ture region, the region in which our glasses were also studied. 

4* 2 Electrical Conductivity at Different FrequenGies_..at 
Room Temperature: 

Whether the electronic conduction is by hopping of 
electrons between two localised state can be quantified 
by the analysis of resistivity data with frequency. According 
to Mott there is a frequency dependence of conductivity 
at lower temperature region which can be described by the 
following equation: 




PLOTS AT lOK 
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O" = c X f “ (4-6) 

where C = constant 

f = frequency in cycles 

If the value of the exponent n is approximately 0,8, then 
the conductivity is explained as arising due to hopping of 
electrons, 

The equation (4*6) can he written as, 

6= (4.7) 

or ln^= + (-n) In f (4.8) 

where = a constant. 

Therefore the data of resistivity against frequency were 
analysed according to the equation (4.8). The results are 
tabulated in Tables 7 to 10. Log was plotted against 
log f for both glass nos. 1 and 3, as shown in Figure 8. 

The shape of the curves changes abruptly after certain 
frequency values showing a marked dependence of conductivity 
on frequency at this temperature (i.e. room temperature). The 
slopes of the log ^ vs. log f plots yielded the values of 
’n' to be 0,90 and 0.92, which are quite close to the theore- 
tical value of 0.8, for glass nos. 1 and 3 respectively. 
Therefore it can be said that the conduction is due to 
hopping of electrons between two localised states in these 


glasses. 
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The hopping distance , may be defined^ in terms of 
a, the effective radius of the localised states v/Bve functions 
and a phonon frequency characteristic of the material, 

= Si log ( (4.9) 

Various densities are defined; Ng represent the total density 
'of . localised states; IT the concentration of charged states; 
]!T(E^) the Eermi level density of states and 11^ the concen- 
tration of carriers. Corresponding to N , one has a correla- 

Q. 

tion length, 

-l/3 

■ (4.10) 

and corresponding to N3 a mean separation between centres 


= i(4ic/3)No!'''^^ 


(4. 11) 


By assuming that only one electron transitions 

72 

contribute to the conductivity, Poliak' goes on to prove 
that for the strongly correlated situation in which 

9 

-1 -.3 w (4.12) 


• , ^( to) = ^ a Co r 2 r^ 


and for the uncorrelated case in which r > > r , 

to Q 

CT'Cto) = %^/96 (E^ K T acj.2^ e^ (4.13) 

It is instructive to calculate typical values of r^ and 
r from the data shown in Eigure 8 and extract information 
from the appropriate equation. 
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Y/ith the assiraiption that a = 3 i and taking 

■^0 “ ® frequency (0"= iO'^ c/s we find 

from equation (4.9) that = 55 S. 

From equation (4.12) using our experimentally deter- 
mined values of k (6.8) and4r“(2.5 x 10“''*^ ohm"”^ cm"’'), we 
obtain N^/rg = I.50 x 10^^ cm"^. 

Taking a total density of localized states 

20 ““3 o 

Ng = 10'^ cm gives a mean separation distance rg = 13 a 

and thus a concentration of carriers N = 1.95 x 10 cm 

By further assuming that IT = 2 IT , we obtain r = 122 S. 

4. ^ Q. 

This is for glass no. -1. For the reasonable figures quoted 

above we hove r > r« thus justifying the. use of equation 

q 

(4.12) in our analysis. An attempt to fit our data to 
equation (4,13) resulted in an unphysically large value of 
N(E^). This then explains the insensitivity to temperature 
of the a.c. conductivity of the glass no. 1. The same thing 
has been found with the glass no. 3, where r^j = 55 i and 
r = 128 i showing that r > r^,^ . It can be concluded 

that even at temperatures above 300°K it appears that 
hopping conduction can occur within a very narrow band of 
localised states. 
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4.3 Cp.ri.fo.i^.rice to some Renent Modp.la i 

(i) It has been shown by Schnakenberg"^^ that for the 
case of disordered solids the conductivity can be split 
into two main contributions; 

Cr = C^Copt) + cr(ac), (4.14) 

O' (opt) andO(a.c) being the contribution activated purely 
by optical and purely by acoustic phonons respectively. 
O(opt) is expected to dominate at higher temperatures and 
Cr(ac) at lower temperatures. At intermediate temperatures 
both should be considered. It has been found that 

Cr(ac) exp (-B/t"^/^) (4.15) 

and Gr(opt) exp (-C/kl) (4. 16) 

where B is as defined in equation (4.5); 
and C = A constant = 

A = Average energy separating one state from another. 
= Binding energy. 

The present data for both the bismuth containing glasses 
(Tables 11 and 12) were analysed according to the equations 
(4.15) and (4.16). The plots of ln<r t”*/^ vs. 1/T and 
ln<5"T*^/^ vs. are shown in Figures 9 and 10 for both 

the glasses. At the temperatures of investigation the plots 
of In vs. 1/T show more prominent straight lines than 

the vs. l/T^-^^ plots because of the lack of data 

in the low temperature region (i*e. below room temperature). 
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Therefore, at this stage, it can he only said that 
nearest neighbour optical phonon hopping is operative at 
the teinporr’turcs of this study, where it is expected that 
0~( '^pt) , which seems to he consistent with the 
lesults of Greaves on amoxphous semiconductors based on 

(ii) It has been found by Schmid by plotting log vs. 1/T 
at different frequencies that conductivity is temperature 
independent at lower temperature region and is proportional 
to frequency. This effect has been associated with random 
glass lattice and small polaron as charge carriers. 

The data for glass no. 1 (Tables 13 to 17) was analysed 
according to this model. The plot of log ^ vs. 1/T is shown 
in figure 11 which also shows the same type of behaviour as 
shown by the glasses of Sebaid'^. 

This according to Schmid is due to the strongly 
localised electrons, which favours the formation of small 
polarons and these small polaron s is believed to be the 
c hn rgo c ■ i rr ;i . ■ r . 

Thoroforo, in this glass, small polaron conduction 
is ao;;uri<. 1 to bo operative. However, the lack of conductivity 
data* in the higher frequency region does not , allow us to 
any conclusive statement at this stage. 




ENT FREQUENC 
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4»4 Dielectric Propertie s: 

The results of the dielectric measurements are shoTioi 
in Tables 13 to 17* The S' vs. log f plots are shown in 
Figures 12a and 13 for all the temperatures. There is a 
good dispersion observed in the case of first three tempera- 
tures, namely 16°G, 59°C and 118*^0. But at other two tem- 
peratures, namely 185*^0 and 260°C, the plots are somewhat 
different due to the influence of ionic contribution. 

The S'* vs. log f plots are shown in figures 12b and 
14 for different temperatures. The first three curves for 
first three temperatures show some loss peaks at frequencies 
15.0 kc/s, 20,0 kc/s and 27*0 kc/s respectively, loss peaks 
are not prominent for other two temperatures again due to 
the ionic contribution. The dispersion of dielectric constant 
with frequency and occurrence of loss peaks in the S" vs. log f 
plots represent the presence of some 'relaxation* mechanism. 

V/hether, there is a distribution of relaxation 
mechanism present or not, Cole-Cole diagrams are drawn as 
shown in Figures 16 and 17. From these diagrams v/hich show 
an arc of a circle for each temperature it is indicated that 
there is a- distribution of relaxation time. Here also the 
Cole-Cole plots for the last two temperatures, namely 185°G 
and 260°C, are not very accurate showing the effect of ionic 
contribution. To understand the relaxation mechanism the 
following equation was used: 












1/T xlO-^°K''“ 

FfG. 15. LOG fmny VS 1/T PLOT. 






FIG. 17. COLE-COLE PLOTS 
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T = To (4.17) 

where ^ = relaxation time = lAj™ ^ 

= 1 / 2il f 

max. 

0 = Activation energy xor relaxation, 

Q = A pre-exponential constant. 

All the other terms have their usual meaning. 

The equation (4.17) can he written as 

^max (2ir’T^) - 0/kT (4»18) 

Therefore, the plot of log f ^^ ^ vs. 1/T will yield the value 
of activation energy for relaxation process, as shown in 
Figure 15. The activation energy was calculated to he 
1.35 kcal/mole which is quite close to the value of activation 
energy for electronic conduction process. Correspondence 
of these two values suggest that rule must hold 

good in this case also. 

An amorphous material, particularly one whose chemical 
composition cannot he reduced to a simple formula, must he 
inhomogeneous on a scale substantially greater than atomic 
dimensions. Transparent glasses must he homogeneous down to 
dimensions of the order of 1000 i hut on a scale of a few 
angstroms there must he considerable variations of composition 

rjr 

and structure. Therefore, Isard thought it to he useful to 
apply the classical theory for the dielectric properties- of an 
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inhomogeneous conductor* The equation is 

eo/(r-(o) (4.19) 

where is the permittivity of the free space and ■3'(0) 
is the conductivity of the hullc glass in the limit f 0. 

The curve of G ” against x = log [f/^(0^ or x = log (f X €(0)3 
shov/s a peak where f = l/Grc'g", i.e. where x = log [j/2tc * 

Therefore the plots were drawn with 6” against 
log & xe(o)j for three different temperatures, namely 16 *^ 0 , 
59°C and 118°C, as shown in Eigure 18. All the loss peaks 
appear at the same value of x which is expected from this 
kind of Isard's plot. The peaks comes at approximately at 
the same place as that for ionically conducting glasses. 
According to Isard"^^ this is due to the fact that tho origin 
of dielectric relaxation must be the same in electronically 
conducting glasses as in ionically conducting glasses. 





7. CONCLUSIONS 


1. Ihore are two basic mechanisms of conduction ionic 
and electronic, contribute to the overall conductivity of the 
two bismuth-containing glasses studied in this work. 

2. The ionic conduction is due to the field induced 
drift of Na ions through the glass structure and the 
electronic conduction is duo to the presence of Bismuth in 
these glasses. 

3. The conductivity measurements of two non-bismuth 
glasses of the above two systems is quite conclusive of the 
effect of bismuth in the electronic conduction. 

4. The electronic mechanism is ascribed to phonon- 
assisted hopping of electrons from one localised state to 
another. 

5. The hopping of electrons is between nearest neighbours. 
The electron tunnelling between distant sites is loss pro- 
nounced than between nearest sites. 

6. Nearest neighbour optical phonon hopping is operative 
in the temperature of investigation for these glasses. 

7. The formation of small polaron is quite favourable and 
it is believed that conduction is due to the transport of 
small polarons in the lower temperature region. 
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8, There is a distribution of relaxation tine 
observed in one of these glasses. 

9. There is a correspondence of the activation energy 
of the relaxation process with the activation energy of 
electronic conduction. 


l.l.T. K/NPUR 
CEr»IRAL lib rary 

Aec. No. A 
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TABLE 1 


Chemical Compositions of the Glasses. 


Glass 

llo. 



Mole percent 


SiO^ 


CaO 

EagO 


1- 

64 

1S 


10 

8 

2. 

64 

26 

- 

10 

- 

3. 

55 

- 

10 

25 

10 

4. 

55 

- 

20 

25 

- 


TABLE 2 

Values of the Factors (A/1) for Different Glasses 
and For Different Experiments. 


Experiment Glass 

Eo. 

Area (a) 

( sq.cm.) 

ThiclQiess(l) 

( cm. ) 


Electrical 

1. 

1.886 

0.325 

5.803 

conductivity at 

2, 

1.886 

0.350 

5.389 

different tem- 

3. 

1.886 

0.192 

9.824 

peratures at 

4. 

1.886 

0.3235 

5.830 

1 . 0 kc/ s 





Ele ctrical 
conductivity at 

1 . 

5.307 

0.365 

20. 13 

Different fre- 





quencies at 

3. 

4.53 

0.225 

14.54 

room temperature. 





Dielectric 

1. 

0-0001886 

0.00325 

0.05802 

measurements 

Sq. meters 

meters 

meters 
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TABLE 3 

Values of Resistivity at Different Temperatures for 





Glass No. 

1 at 

1.0 Kc/ s. 


t^C 

T°K 

1/Txl0 

0j,-1 

“3 .1 /[p^/ 4 
xlO-1 
Og--l/4 

R 

Ohms. 

P- 

\ 

Ohms. cm. 

6;/t 

0 — * 1 

ohm. cm. K 

16 

239 

3.460 

2.425 

1 .095x10^ 

6.354x10^ 

2. 199 x 10 "^ 

59 

332 

3.012 

2.343 

9.995x10® 

5.799x10^ 

1 . 747 x 10 '^ 

118 

391 

2.554 

2.249 

8.333x10® 

4.835x10^ 

1 . 235 x 10 "^ 

135 

458 

2. 183 

2. 162 

3.733x10® 

2. 166x10^ 

4.730x10® 

260 

533 

1.876 

2.081 

1.540x10® 

8.935x10® 

1 . 676 x 10 ® 

308 

581 

1.724 

2.037 

1. 1 

7 

xiO ' 

6. 383xlo'^ 

1. 101X10® 

325 

598 

1.672 

2.022 

7.0 

xlO^ 

4 . 061 x 10 "^ 

6 . 792 x 10 "^ 

341- 

614 

1.629 

2.009 

5.0 

xIO^ 

2 . 901 x 10 ^ 

4.725X10"^ 

355 

628 

1.592 

1.997 

3.5 

xlO^ 

2 . 031 x 10 ^ 

3 . 233 x 10 '^ 

375 

648 

1.543 

1.982 

1.8 

xIO^ 

1 . 044 x 10 ”^ 

1 . 612 x 10 "^ 

389 

662 

1.510 

1.972 

1.3 

xiO® 

7 . 543 x 10 ® 

1. 11-Ox lO'''’ 

404 

677 

1.477 

1.961 

8.3 

xlO^ 

4.818X10® 

7 . 114x10® 

421 

694 

1 . 441 

1.948 

4.8 

x10^ 

2.785x10® 

4 . 013 x 10 ® 

435 

708 

1.413 

1.938 

3.5 

xlO^ 

2.031x10® 

2,869x10® 

455 

728 

1.374 

1.925 

1.6 

xlO^ 

9.283x10® 

1.276x10® 

491. 

764 

1.309 

1.902 

1.2 

xlO^ 

6.963x10® 

9 . 114 x 10 ® 

512 

785 

1.274 

1.889 

4.0 

X10^ 

2 . 321 x 10 ® 

2.956x10® 

519 

792 

1.263 

1.885 

2.0 

x10 " 

1 . 161x10® 

1,465x10® 
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TABLE 4 

Values of Resisti'vity at Different Temperatures for 
Glass No. 2 At 1.0 Kc/s. 


t°c 

T°K 

1/Tzl0 ^ 

“k-i 

R 

Ohm. 

O 

ty" 

• 

o 

• 

€/T 

0hm.cm,°K ^ 

143 

416 

2.404 

8.658x10^ 

4. 666x10**^ 

1. 121x10® 

162 

435 

2.299 

1.435x10^ 

7.732x10^ 

1.778x10^ 

181 

454 

2,203 

2.665x10^ 

1. 436x10^ 

3. 163x10® 

221. 

494 

2.023 

1 . 1 X 10*^ 

5.928xlo'^ 

1, 200x10^ 

253 

526 

1.901 

1.3ax 10^ 

7.437x10^ 

1.41/lm;i0^‘' 

277 

550 

1.818 

3.23X 10^ 

1.741x10^ 

3. 164x10^ 

314 

587 

1 . 704 

4.35X 10^ 

2.344x10^ 

3.994x10® 
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TABLE 5 

Values of Resistivity at Different Temperatures for 
G-lass Bo. 5 at 1.0 Kc/s. 


o 

o 

t°e: 

1/1X10“^ 

05.-1 

l/TxlO ^ 
Og.-l/4 

R 

Ohms, 

C 

Ohms. cm. 

f/T 

Ohm, cm. °K“'^ 

25 

298 

3.356 

2.407 

2.735x10® 

2.686x10^ 

9.016x10® 

67 

340 

2.941 

2.329 

2,451X10® 

2.407x10^ 

7.081x10® 

127 

400 

2.500 

2.257 

2.04''x10® 

2 , 004 x 10 ^ 

5.012x10® 

172 

445 

2.247 

2.177 

1 . 277 x 10 ® 

1 . 255x10^ 

2.820x10® 

237 

510 

1.961 

2.104 

1.10 xlO^ 

1.080x10® 

2.118x10® 

264 

537 

1.862 

2.077 

6.15 xiO® 

6.040x10^ 

1. 125 x 10 ® 

298 

571 

1.752 

2.046 

1 . 84x10® 

1.807x10^ 

3. 165x10"" 

328 

601 

1.663 

2.019 

6.90x10^ 

6.776x10® 

1 . 127 x 10 "^ 

360 

633 

1.580 

1.994 

2.90x10^ 

2.848x10® 

4.500x10® 

389 

662 

1.510 

1.972 

1.35 xlO^ 

1.526x10® 

2.003x10® 

416 

689 

1.452 

1.952 

7.00 xIO^ 

6.876x10® 

9 . 984 x 10 ^ 

467 

740 

1.352 

1.917 

2.40 xio"^ 

2 . 357 x 10 ® 

3.185x10^ 



TABLE 6 


Values of Resistivity at Different Temperatures for 
Glass Eo. 4 at 1.0 Kc/s. 


t°c 

T°K 

1/TX10“ 

Og--1 

•3 R 

Ohms. 

Ohm. cm. 

t/T 

Ohm. cm. °K“ 

104 

377 

2.653 

5.896x10^ 

3 . 438 x 10 ''® 

9 . 113x10^^ 

119 

392 

2.551 

1.540x10^ 

8.978x10^ 

2 .291x10^^ 

143 

416 

2.404 

2.309x10® 

1.346x10^ 

3.236x10^ 

168 

441 

2,268 

4 . 352 x 10 '^ 

2 . 537 x 10 ® 

5.754x10^ 

202 

475 

2.015 

4 . 65 x 10 ^ 

2 . 711 x 10 ^ 

5 . 464 x 10 ^ 

240 

513 

1.949 

7 . 15 x 10 ^ 

4 . 196x10^ 

8. 125 x 10 ^ 

270 

543 

1.842 

1.70x10^ 

9.910x10^ 

1.826x10^ 

315 

588 

1.700 

3.25x10^ 

1.895x10^ 

3.222x10® 

344 

617 

1.621 

1.08x10"^ 

6.296x10^ 

1.021x10® 
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TABLE 7 

Values of Resistivity at Different Erequencies for 
Glass No. 1 at Room Temperature (From Capacitance 

Bridge Experiment). 


Kc/s 

^x 


R 

(Ohm. ) 

£ 

(Ohm.-cm) 

1 

11.50 

0.03040 

4.555x10® 

6.624x10^ 

2 

11.32 

0.01737 

4.050x10® 

5.889x10^ 

5 

11.40 

0.009766 

2.86 1X10® 

4. 161x10^ 

10 

11.40 

0.008179 

1.708x10® 

2.483x10^ 

20 

11,42 

0.01134 

6. 148x10'^ 

8.941X10® 

50 

11.40 

0.004546 

6. 145x10^ 

8.937x10'’ 

60 

11.35 

0.004110 

5.690x10^ 

8.273x10® 

100 

11.32 

0.005136 

2.730x10’^ 

3.982x10® 


TABLE 8 

Values of Resistivity at Different Frequencies for 
Glass No. 1 At Room Temperature (From Boonton 


Q-Meter Experiment) 


f 



Cg 

■'^1 

"'2 

Ohmk 

e 

0 hoj, . cm . 

100 Kc/s 

89 

80 

123 

112 

2. 241x10'^ 

3.258x10® 

500 

!t 

302 

290 

186 

180 

5.884x10° 

8.557x10’^ 

1 

Me/ S 

91 

82 

224 

198 

2.985x10® 

4.345x10'^ 

3 

tl 

103 

94 

206 

186 

9.872x10^ 

1.455x10'^ 

5 


442 

428 

198 

194 

6.918x10^ 

1 .006x10"^ 

tz 

10 

Tt 

93 

84 

224 

203 

3.707x10^ 

5.388x10 

20 

tl 

116 

107 

246 

224 

1.718x10^ 

2.498x10° 

25 

tf 

71 

63 

253 

217 

1.368x10® 

1.989x10 

40 

it 

55 

42 

260 

220 

1.094x10® 

1.592x10° 
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TABL3 9 


Values of Resistivity at Different frequencies for 
Glass No, 3 at Room Temperature (from Capacitance 
Bridge Experiment) 


f 

(Kc/s) 



R 

Ohm. 

€ 

Ohm. cm. 

1.0 

33.9 

0.07506 

6.258x10'^ 

1.260x10^ 

1.5 

29.6 

0.05811 

6. 170x10^^ 

1.242x10^ 

2.0 

29.6 

0.04554 

5.906x10^ 

1. 189x10^ 

10.0 

30.9 

0.01416 

3. 639x10"^ 

7.324x10® 

15.0 

28.8 

0.01233 

2.990x10^^ 

6.019x10® 

20.0 

28.7 

0.008246 

3. 364x10"^ 

6.770x10® 

50.0 

28.7 

0.005610 

1.977x10^ 

3.980x10® 

100.0 

28.6 

0.005019 

1 . 109x10*^ 

2.23 1x10® 


TABLE 10 

Values of Resistivity at Different frequencies for 


Glass No, 

. 3 

at Room Temperature 
Q-meter Experiment) 

(from Boonton . 


f 



81 

Q2 

0§m. 

Ohm. cm. 

100.0 Kc/s 

89 

69 

124 

105 

1.226x10'^ 

2.468x10 

500.0 Kc/s 

390 

371 

183 

175 

3.268x10° 

6.579x10 

1 .0 Me/ B 

90 

70 

225 

183 

1.735x10^ 

3.491x10 

1 . 5 Me/ s 

436 

417 

167 

160 

9.292x10^ 

1.870x10 

3.0 Me/s 

102 

82 

220 

179 

4.998x10^ 

1.006x10 

5.0 Me/s 

391 

372 

176 

169 

3.469x10^ 

6.982X10* 

10.0 Me/ s 

92 

72 

229 

197 

2.440x10-^ 

4.9l1xl0' 

20.0 Mc/s 

115 

95 

253 

218 

1.091X10^ 

2. 196x10* 

28.0 Mc/s 

64 

35 

259 

180 

6, 241x10^ 

1.256x10' 
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TABLE 11 

Values of Conductivity at Different Temperatures for 


Glass No . 1 . 


T°K 

1/Tx10“^ 

Og--1 

Og--l/4 

-1 g;,l72 

Oj,l/2 

€ 

Ohm. cm. 

CT' CTT"^"^^ 

(0jhm.cm.)”"*(0hm. cm)'''^^ 

289 

3.460 

2.425 

17.00 

6. 354x10^ 

1.573x10"'*® 2.675x10"^ 

332 

3.012 

2.343 

18. 22 

5.799x10^ 

1.724x10”'*® 3.145x10”® 

391 

2.554 

2.249 

19.77 

4.835x10^ 

2.068x10’^'*® 4.091X10”® 

458 

2.183 

2.162 

21.40 

2. 166:gl0^ 

4.618x10"'*® 9.879x10"® 

533 

1.876 

2.081 

23.09 

8.935x10® 

1.119x10”® 2.583x10”® 


TABLE 12 

Values of Conductivity at Different Temperatures for 

Glass Wo. 5 

T°K 

1/TX10"^ 

0^-1 

1/3j1/4x^O' 

Ojr-1/4 

• 1 T ^ 

Oj,l/2 

f OT" C7T''/2 

Ohm. cm. (ohm. cm)” (ohm. cm)” K ■’ 

298 

3.356 

2.407 

17.26 

2.686x10® 3.723x10”'*® 6.427x10"® 

340 

2.941 

2.329 

18.44 

2.407x10® 4.156x10”'*® 7.66lxiO”® 

400 

2.500 

2*237 

20.00 

2.004x10® 4.991x10”"*® 9.982x10”® 

445 

2* 247 

2.177 

21. 10 

1.255x10® 7.969x10”'*® i.648xi0"® 
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TABLE 13 


Dielectric and Resistivity Data at Different Frequencies 




for 

Glass No. 1 

at 16°C 



f 

(Sc/s) 


tan 6 = 

E^(0hm.) 

(Ohm, cm) 8' 

6" 

0.5 

3.9 

0.02610 

3 . 128x10^ 

1.815x10^® 

7.591 

0. 1981 

1.0 

3.6 

0.04039 

1 . 09 5x 1 0^ 

6 * 354 x 10 ^ 

7.006 

0.2830 

5.0 

5.6 

0.03656 

2.419x10® 

1 . 404 x 10 ^ 

7.006 

0.2562 

10.0 

3.6 

0.04605 

9.879xlo'^ 

5 . 732 x 10 ® 

6.813 

0.3137 

15.0 

3.4 

0.05182 

6.024x10^^ 

3 . 495 x 10 ® 

6.618 

0,3430 

20.0 

3.4 

0.09510 

2 . 462 x 10 "^ 

1.429x10® 

6.618 

0.6294 

50.0 

3.2 

0.04848 

2 . 053 x 10 ^ 

1. 191x10® 

6.227 

0,3018 

100.0 

3.1 

0.04302 

1 . 193x10*^ 

6 . 921 x 10 '^ 

6.034 

0.2596 


Dielectric 

TABLE 14 

and Resistivity Beta at Different Frea_uencies 

For Glass No. 1 at 59°C. 

f 

(kc/ s 

‘^x 

tan 6 = 

R^COhm.) (Ohm. cm) S’ 

6 ” 

0.5 

4 . 6 

0.02519 

2.749x10^ 

1 . 595 x 10 ''®' 

8.954 

0.2255 

1.0 

4.6 

0.03469 

9 . 995 x 10 ® 

5.799x10® 

8.954 

0.3106 

5.0 

4.5 

0.03649 

1.939x10® 

1 . 126x10® 

8.758 

0.3196 

10.0 

4.2 

0.04176 

9.080x10"^ 

5.269x10® 

- 8.174 

0.3413 

15.0 

4.1 

0.04283 

6.045x10^ 

3.508x10® 

7.980 

0.3418 

20.0 

4. 1 

0,05006 

3. 879x10"^ 

2 . 251 x 10 ® 

7 . 9 . 8 O 

0.3995 

50.0 

3.8 

0.05424 

1 . 545 x 10 ^ 

8 . 964 x 10 "^ 

7.396 

0.4012 

100.00 

3.8 

0.04663 

8 . 976 x 10 ^ 

5.208x10^ 

7.396 

0.3452 
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TABLE 15 

Dielectric And Resistivity Data at Different Frequencies 

For G-iass No. 1 at 118°C. 


f 

(Kc/s) 

Ox 

Tan 6 = 
D 

X 

Bx 

Ohm. 

P 

X 

Ohm, cm. 

0' 

e '* 

0. 5 

5.6 

0.02097 

2.711x10^ 

1 . 573 x 10 ''® 

10.90 

0.2286 

1.0 

5.6 

0.03412 

8.333X10® 

4.835x10^ 

10.90 

0.3719 

5.0 

5.3 

0.03758 

1 . 599x10® 

9 . 279 x 10 ® 

10. 31 

0.3877 

10.0 

5.2 

0.03979 

7.695x10"^ 

4 . 465x10® 

10.12 

0.4027 

15.0 

5.1 

0.04788 

4. 346 x 10 "^ 

2.522x10® 

9.926 0.4752 

20.0 

4.9 

0.04839 

3.359x10*^ 

1.949x10® 

9.537 

0.4615 

50.0 

4. 8 

0,04336 

1. 530x10^ 

8 . 878 x 10 '^ 

9.342 

0.4051 

100.0 

4. 1 

0. 1087 

3.572x10^ 

2 . 072 x 10 '^ 

7.980 

0.8676 


Dielectric 

TABLE 16 

And Resistivity Data at Different Frequencies 

For Glass No. 1 At 185°C. 

f 


tan 5 = 





(Kc/ s) 

X 


B^(0hm, ) 

^ (ohm. cm. 

) e* 


0.5 

5.6 

0.09319 

6 . 245 x 10 ® 

3.622x10^ 

10.90 

1.0160 

1.0 

5.3 

0.08048 

3 . 733 x 10 ® 

2 . 166 x 10 ^ 

10.31 

0.8303 

5.0 

4.4 

0.05018 

1.422x10® 

8 . 250 x 10 ® 

8.565 

0.4297 

10.0 

4.2 

0.04562 

0 . 310 x 10 '^ 

4.821X10® 

8. 174 

0.3729 

15.0 

4.1 

0.04320 

5.992x10^ 

3.476x10® 

7.900 

0.3447 

20.0 

4.0 

0.03693 

5.391X10*^ 

2.522x10® 

7.785 

0.2076 

50.0 

3.9 

0.02280 

3.580x10^ 

2 . 077 x 10 ® 

7.591 

0. 1731 

100.0 

3.2 

0.1330 

3.818x10® 

2.215x10*^ 

6.227 

0.8205 
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TABLE 17 

Dielectric and Resistivity Data at Different Brequencies 
Bor Glass No. 1 At 260°C. 


X 

(Kc/s) 

c 

X 

tan 6 = 
0,. 

R^(0hm.) 

Ohm. cm) 0' 

e '• 

0.5 

6. 9 

0. 1644 

2.807X10^ 

1 . 629x10^ 

13.43 

2.2000 

1.0 

5.6 

0.1046 

1.540x10^" 

o 

0.935x10''^ 

10.90 

2.0120 

5.0 

4. 2 

0. 1596 

5.429x10^ 

3. 150x10° 

8.174 

1. 1410 

10.0 

3.8 

0. 10S1 

3.873x10^ 

2.247x10° 

7.396 

0.7995 

15.0 

3.7 

0.09541 

3 . 007 x 10 ^'' 

1.745x10° 

7.201 

0.6069 

20.0 

3.7 

0.03753 

2.457x10^ 

1.426x10° 

,7.201 

0.6306 

50.0 

3.4 

0.1470 

6.336x10^ 

3.676x10^ 

6.610 

0.9701 

100.0 

3.2 

0.1667 

2.904x10^ 

1.732x10^ 

6.227 

1.038 
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